Abstract Previous studies have identified systematic errors in the orbit and clock estimates of the GIOVE and Galileo IOV satellites in the order of ±20 cm. These errors are visible as periodic variations in the Satellite Laser Ranging (SLR) and clock residuals. For IOV, these variations could be attributed to the contribution of a stretched satellite body and it was shown that a simple a priori box model for the solar radiation pressure can significantly reduce these errors. GIOVE-B has similar dimensions as the IOV satellites but its orientation is different: for GIOVE-B the narrow side of the satellite points to the Earth rather than the longitudinal side. In addition, an extra plate carrying, amongst others, the laser retro reflector array is mounted on the spacecraft introducing shadowing effects. These features are considered with a simple boxplate model. This model reduces the periodic clock errors and the SLR residual RMS of GIOVE-B by a factor of two. Most importantly, the box-plate model reduces the SLR offset from 11 cm to less than 1 cm. The largest part of this reduction comes from considering the plate and its shadowing effects.
Introduction
GIOVE-B is the second test satellite of the European Global Navigation Satellite System (GNSS) Galileo. It was launched in 2008 as part of the Galileo In-Orbit Validation Element (GIOVE) and joined GIOVE-A that was launched three years earlier (Benedicto et al., 2006) . The installation of the operational space segment of Galileo started with four In-Orbit Validation (IOV) satellites launched in 2011 and 2012, respectively, and the first launch of a pair of Full Operational Capability (FOC) satellites in August 2014.
Due to a very restricted data policy, early analysis of GIOVE data were limited to the European Space Agency (ESA) and its contractors (García et al., 2008; Hidalgo et al., 2009; Kirchner et al., 2009; Schönemann et al., 2007) based on the Galileo Experimental Sensor Station (GESS, Giraud et al., 2009) network. In general, the different authors achieved a few decimeter orbit accuracy. In 2009, Deutsches Zentrum für Luft-und Raumfahrt (DLR) and Bundesamt für Kartographie und Geodäsie (BKG) initiated the Cooperative Network for GIOVE Observation (CONGO, Montenbruck et al., 2011) to foster the collection of tracking data of these satellites and their analysis. Based on this network, Steigenberger et al. (2011) could also achieve a few decimeter orbit accuracy for GIOVE-B.
Systematic errors in the GIOVE-B satellite clock estimates as well as in the Satellite Laser Ranging (SLR) residuals with a peak-to-peak amplitude of up to 40 cm were identified by Svehla et al. (2010) and further discussed in Montenbruck et al. (2012) . Figure 1 illustrates these effects for a data arc of one week. Due to the orbit height of GNSS satellites, SLR residuals mainly reflect radial orbit errors. These, as well as the clock residuals, exhibit periodic variations at the orbit frequency of 14 h indicating the presence of systematic orbit modeling errors. Analyses in the framework of the Multi-GNSS Experiment (MGEX) of the International GNSS Service (IGS, Dow et al., 2009) showed the presence of such systematic effects also in the products of different analysis centers for the Galileo IOV satellites Steigenberger et al., 2014; Uhlemann et al., 2014) . The dependence of the peak-topeak amplitude of SLR and clock residuals on the elevation of the Sun above the orbital plane β suggested deficiencies in the modeling of the solar radiation pressure (SRP) as a possible origin. Hackel et al. (2014) could demonstrate that the systematic orbit and clock errors can be mitigated by a combination of the microwave GNSS observations with optic SLR measurements. Steigenberger et al. (2014) developed a simple empirical clock correction model that partly compensates these errors. However, these approaches did not deal with the source of these systematic errors but just mitigated their order of magnitude by including additional measurements or applying an a posteriori correction model. Recently, Montenbruck et al. (2014) identified the specific shape of the Galileo IOV satellites as the cause for these systematic effects. Whereas the GPS satellites have an essentially cubic body, the GIOVE-B and Galileo IOV spacecraft (see Fig. 2 ) have a shape like a telephone box introducing additional accelerations due to SRP that have not been considered so far. Montenbruck et al. (2014) Fig. 1 Time series of GIOVE-B SLR and clock residuals. A mean bias has been removed from the SLR residuals whereas the sign of the clock residuals has been inverted in order to correspond to radial orbit errors and a 2nd order polynomial has been removed.
developed a simple a priori box model based on the accelerations acting on different surfaces of the satellite. By applying this model, they could reduce the systematic errors by a factor of about four. The size of the Galileo IOV satellites and GIOVE-B is quite similar. However, the orientation of the spacecraft is different: the navigation antenna that has to point towards the Earth is mounted on the narrow side of the satellite for GIOVE-B whereas it is mounted on the longitudinal side for Galileo IOV and FOC. In addition, a plate carrying the GIOVE-B laser retroreflector array (LRA), an S-band antenna, and a Sun sensor introduces a more complex structure, see Fig. 2 .
The GIOVE-B spacecraft is introduced in Sec. 2 and a simple box-plate model including shadowing effects is developed. The data, modeling, and parameter estimation options for the GNSS data processing are discussed in Sec. 3. Three different GNSS solutions have been computed in order to evaluate the impact of the a priori model: a reference solution without a priori model and two solutions with a box-only and a box-plate a priori model. These solutions provide the basis for the model evaluation in Sec. 4 as regards radiation pressure parameters, SLR, and clock residuals.
Solar Radiation Pressure Modeling
A commonly used model to account for SRP acting on GNSS satellites is the model of Beutler et al. (1994) , also known as CODE model. The SRP accelerations are expressed in a Sun-oriented DYB frame with D pointing from the satellite to the Sun, Y along the solar panel axis, and B = D × Y . In each direction, one constant term (index 0) and two harmonic terms (indices C and S) are considered. Usually, only the five parameters D 0 , Y 0 , B 0 , B C , and B S are estimated. This model provides a good performance for the cubic GPS satellites but partly fails for the stretched GIOVE-B and Galileo satellites introducing systematic errors at the orbit frequency. Therefore, Montenbruck et al. (2014) applied a simple a priori box model taking into account the shape of these satellites. The general form of this model considers absorption plus diffuse reflection (αδ) and specular reflection (ρ) of the SRP acting on the +z, −z, and +x surface of the satellite (the other surfaces are not illuminated if the satellite maintains nominal attitude). For a more detailed discussion on SRP modeling see Rodriguez-Solano et al. (2012) and Montenbruck et al. (2014) . Kouba and Héroux (2001) with the z-axis pointing to the Earth, the y-axis along the solar panel axis and x = y × z pointing into the hemisphere containing the Sun. The plate mentioned in the text can be seen in the lower left part of the figure pointing in the +x-direction. Bottom: Artist's view of a Galileo IOV spacecraft (Image: ESA). In contrast to GIOVE-B, the Earth-pointing navigation antenna is mounted on the long side of the cuboid-shaped satellite body.
The GIOVE-B Spacecraft
The GIOVE-B spacecraft shown in Fig. 2 was manufactured by EADS Astrium (Gao et al., 2008) . Its orbit has an inclination of 56 Table 1 Reference values of the satellite mass, dimensions, and optical properties of GIOVE-B. m l is the launch mass, ma the assumed mass in 2011, li with i = x, y, z stands for the length in each coordinate direction and Ai for the corresponding surface areas. The optical properties are separated into an absorption plus diffuse reflection term αδ and a specular reflection term ρ.
years, GIOVE-B was officially decommissioned on 23 July 2012 (GPS World, 2014) and moved to a graveyard orbit. A comprehensive summary of the GIOVE mission results is given in ESA (2011). GIOVE-B's primary mission goals were securing of the frequency filing, testing of Galileo-specific payload like the first passive Hydrogen maser (PHM) in space, characterization of the orbit radiation conditions, and early GNSS signal experimentation . GIOVE-B is equipped with one PHM (Ostillio et al., 2009 ) and two Rubidium (Rb, Droz et al., 2010) clocks providing a stable reference for generation of the navigation signals. To allow for an independent validation of the orbit determination results, GIOVE-B is equipped with a LRA (Dell'Agnello et al., 2011) for satellite laser ranging. LRA offset parameters are given in Zandbergen and Navarro (2008) . Please note that the orientation of the spacecraft-fixed coordinate system in Fig. 2 follows the IGS convention (x-axis pointing to the hemisphere containing the Sun, Kouba and Héroux, 2001) whereas the x-and y-axis of Zandbergen and Navarro (2008) are mirrored w.r.t. this convention. Table 1 lists coarse dimensions and the mass of GIOVE-B based on Robertson et al. (2009) and ESA (2011) . The current mass m a is deduced from a launch mass of 530 kg and the assumption that 3/4 of the initial amount of 28 kg of hydrazine have already been burned prior to the analysis period of this paper in 2011. The dimension in x-direction accounts for the satellite body (0.95 m) and the plate, which is assumed to have a width of 0.5 m. The area in z-direction A z is slightly larger than l x · l y due to the excess length of the antenna panel w.r.t. the satellite body, see Fig. 2 . Figure 2 also shows that the satellite body is covered with a golden type of multilayer insulation (MLI) and solar cells. According to Rodriguez-Solano et al. (2012) optical properties for the golden MLI of GPS satellites are αδ = 0.9 and ρ = 0.1 whereas they vary for different types of solar cells with αδ ≈ 0.75 . . . 0.8 and ρ ≈ 0.25 . . . 0.2. Due to the unknown type and dimensions of the solar cells covering the satellite body, the golden MLI properties are used for the whole satellite body.
GIOVE-B Box-Plate Model
To account for the different shape of the Galileo IOV satellites compared to GPS, Montenbruck et al. (2014) added an a priori box model to the 5-parameter CODE model. This model is based on characteristic accelerations a i due to absorption plus diffuse reflection (αδ) and specular reflection (ρ) of individual satellite surfaces i Assuming a nominal yaw-steering attitude law (BarSever, 1996) , only the +z, −z, and +x surfaces are illuminated by the Sun and have to be considered. The solar panels are not modeled as their effect is fully covered by the estimation of the direct SRP parameter D 0 . For practical applications, it is sufficient to consider only absorption plus diffuse reflection and to ignore specular reflection as well as an asymmetry of the ±z-surfaces. Following Montenbruck et al. (2014) , the simplified version of the box model in the DYB frame for a given Sun-satelliteEarth angle ε then reads:
Here,
and
denote the contributions of a pure cube and a stretching of a cuboid, respectively, which can be computed from the accelerations of the mean z-surface a z and the +x-surface a +x . The acceleration in Sun-direction is composed of two contributions proportional to a C and a S , respectively, which exhibit distinct and linearly independent dependencies on the Sun elongation. The B-component, in contrast, vanishes for a purely cubic shape and depends only on the stretch parameter a S . For GIOVE-B, an additional plate extending the +z-surface towards the +x side of the spacecraft body (see Fig. 2 ) has to be considered. This plate not only increases the effective ±z cross section but also introduces notable shadowing effects that need to be considered in the radiation pressure modeling. Figure 3 illustrates the shadowing of the +x-surface by this plate. The +x-surface is completely in the shadow for For the given plate width l p ≈ 0.5 m and the length of the satellite in z-direction l z ≈ 2.4 m, this condition is fulfilled for ε less than approximately 11.8
• . It may be noted that this condition is only met when GIOVE-B is also in Earth shadow and is therefore of no practical relevance for the SRP modeling of this satellite. No shadowing effects occur for ε > π 2 .
For other values of ε, the fraction s sh of the +x-surface shadowed by the plate is given by
With a shadowing factor of s sh = 1 for condition (5) and s sh = 0 for condition (6), Eqs. 3 and 4 can be rewritten to include the shadowing effects of the plate:
with a +x = a C − a S . Numerical values for the two different sets of parameterizations (a C , a S ) and (a z , a +x ) based on the satellite dimensions and the optical properties from Tab. 1 are listed in Tab. 2. Compared to Galileo IOV (a C = +14.5 nm/s 2 , a S = 5.1 nm/s 2 ), the stretch parameter a S has a negative value as the short side of the cuboid is pointing to the Earth whereas the long side is Earth-pointing for Galileo IOV. 
Model Parameters
The determination of the model parameters follows the approach of Montenbruck et al. (2014) based on numerically derived partial derivatives. The cuboidness parameter is fixed to a C = a αδ C + a ρ C = 17.8 nm/s 2 as it is difficult to separate it from the contributions of the solar panels as well as to separate the αδ and ρ terms due to high correlations. The stretch parameter a S is estimated in a least squares adjustment. The direct radiation pressure parameters D 0 from 131 days of GIOVE-B precise orbit determination (see Sec. 3) without a priori model are used as observations in this parameter estimation. The three parameters describing the GIOVE-B box-plate model are listed in Tab The accelerations of this box-plate model as well as a box model ignoring the shadowing effects are shown in Fig. 4 . Differences only occur for ε < 90
• when the +x-surface is completely or partly shadowed. The discontinuity in the accelerations of the box-plate model at 11.8
• (indicated by a dotted line in Fig. 4 ) is related to the transition from complete shadowing of the +x-surface by the plate to increasing illumination. The impact of the plate amounts up to 3 nm/s 2 in B-direction and up to 5.5 nm/s 2 in Ddirection.
GNSS Data Processing
The GNSS data analysis for determination and validation of the GIOVE-B box-plate model covers the second half of 2011 (day 197 -327) due to the sparse tracking network before and unavailability of the PHM after that time period (switch from PHM to Rb on day 329/2011). Undifferenced GIOVE-B E1 and E5a code and phase observations of 26 Springer, 2009 ). GPS observations are included to improve the quality of the parameters they have in common with the GIOVE parameter estimation (station coordinates, receiver clock parameters, troposphere parameters, and Earth rotation parameters). In order to further strengthen the orbital arcs of the sparse GIOVE tracking network, full 3-day solutions are computed. A sampling rate of 5 min, an elevation cut-off angle of 10
• and elevation-dependent weighting with w = sin are applied. A priori hydrostatic troposphere zenith delays are computed with the global pressure and temperature model (GPT, Boehm et al., 2007) and mapped with the hydrostatic global mapping function (GMF, Boehm et al., 2006) . GPS satellite antenna phase center offsets (PCOs) and variations (PCVs) are taken from igs08.atx (Rebischung et al., 2012) . GIOVE-B PCOs are taken from Zandbergen and Navarro (2008) but the PCVs are neglected due to lack of availability. GPS receiver antenna calibrations originate also from igs08.atx but the GPS L2 antenna calibrations are used for the GIOVE E5a signals. Nominal yaw steering attitude (Bar-Sever, 1996) is used for all GPS satellites as well as GIOVE-B.
In a first preprocessing step, outliers and cycle slips are detected. Stations with few observations or a bad data quality are rejected automatically. Based on a consecutive ambiguity float solution, GPS ambiguities are fixed to integers with the Melbourne-Wübbena approach (Melbourne, 1985; Wübbena, 1985) for baselines up to 6000 km with an average success rate of 97.7%. These ambiguity parameters are kept fixed in the final parameter estimation run solving for the parameters listed in Tab. 4. Within this run, outliers are rejected in an iterative procedure.
Model Validation
Three solutions have been computed to study the impact of an a priori model on the GIOVE-B orbit and clock parameters: a reference solution without a priori model (none), a solution with an a priori model only taking into account the cuboid shape of the satellite (box, s sh = 0 for all ε-angles) and a solution with an a priori model which also takes into account the plate on the +z side of GIOVE-B (box-plate). In order to allow for a physical interpretation, the sine and cosine terms of the CODE SRP parameters are referred to the orbit angle µ (orbit midnight -Earthsatellite) instead of the argument of latitude and labeled as B C and B S . 
Solar Radiation Pressure Parameters
The estimated SRP parameters of the three different solutions are shown in Fig. 5 as a function of the elevation the Sun above the orbital plane β.
-The D 0 estimates are reduced by 38 and 36 nm/s 2 for the box and box-plate model, respectively, due to the mean D 0 contribution of the models, see Fig. 4 . -The B 0 estimates without and with box a priori model have a systematic bias of about −3.5 nm/s 2 . The bias is reduced to about −0.5 nm/s 2 for the box-plate model. -B C varies by 14 nm/s 2 for the solution without a priori model. This variation is reduced to 10 nm/s 2 for the box model and 8 nm/s 2 for the box-plate model. -The B S estimates are very stable and do not depend on the a priori model. They only show a slight tilting w.r.t. the β-angle with a magnitude of 0.8 nm/s 2 over the whole β range. In general, the box-plate model reduces biases and scatter of the estimated SRP parameters through the refined modeling of the GIOVE-B spacecraft.
Satellite Laser Ranging
GIOVE-B is observed by the laser tracking stations of the International Laser Ranging Service (ILRS, Pearlman et al., 2002 ) on a regular basis. 4802 normal points are available for the analysis time interval. Only the middle day of the 3-day solutions is considered for the computation of the SLR residual statistics fixing the SLR station coordinates to SLRF2008 (Pavlis, 2009 ). Offset and standard deviation (STD) for the three solutions are given in Tab. 5. a priori model none box box-plate Offset [cm] 10.7 8.3 0.8 STD [cm] 6.1 5.3 5.4 RMS [cm] 12.3 9.8 5.5 Table 5 SLR validation of GIOVE-B microwave orbits for solutions with different a priori SRP models.
The STD improves by less than 1 cm when introducing an a priori model. This is a significantly different behavior compared to the Galileo IOV satellites: Montenbruck et al. (2014) report a reduction of the SLR STD by a factor of up to two when applying an a priori box model. This effect is attributed to the remaining banana-shaped signature of the SLR residuals plotted in Fig. 6 . The a priori models only remove the slight rotation of this pattern in Fig. 6 resulting in only a small STD reduction. This systematics might be attributed to features of the satellite structure not considered with the simple box-plate model.
With a value of one decimeter, the SLR offset of the solution without a priori model is significantly larger than the noise of the SLR residuals. Introducing the a priori box model reduces the offset by about 20%. When, in addition, considering the shadowing effects of the plate, the offset almost vanishes with a remaining value of less than one centimeter. The change in the SLR bias can, at least partly, be explained by a change of up to 5 nm/s 2 (Fig. 4) in the radial acceleration caused by the consideration of the shadowing effects. Even though the shadowing affects the computed acceleration only in the night hemisphere (≈ 12.2
• < ε < 90 • ), the average radial acceleration over one revolution is also changed by about −0.5 to −2.5 nm/s 2 depending on the actual β-angle. The consideration of shadowing effects is therefore similar to a slight increase in the gravitational acceleration and results in a corresponding increase of the orbital radius at given orbital period by 1 -5 cm. While this simplified consideration is not able to fully explain the observed SLR bias change it helps to understand it at least in a qualitative manner.
Satellite Clock Parameters
The highly stable PHM allows also to use satellite clock residuals as quality indicator for orbit modeling errors as these are mapped to the apparent clock parameters. As for the SLR residuals only the middle day is used for the clock analysis. For consistency, the GIOVE-B clock parameters estimated in the orbit determination are referred to a common reference clock (hydrogen maser at the IGS stations AMC2 located in Colorado Springs, USA or CRO1 located in Christiansted, Virgin Island). Day 271/2011 is excluded from all clock analysis due to a short transmission outage of GIOVE-B introducing a discontinuity in the clock time series. Figure 7 shows the clock residuals of the three different solutions after removing a 2nd order polynomial. In contrast to Fig. 1 where a time series is shown, the Sun elongation ε is given on the x-axis of Fig. 7 to better illustrate the systematic variations of the full data set. The peak-to-peak amplitude of the clock residuals is reduced by a factor of two from ±20 cm to ±10 cm by the box and boxplate models. In contrast to the SLR residuals, the clock residuals allow for a continuous monitoring of the orbital errors including ε-angles larger than 140
• . This additional information reveals a point symmetry of the clock residuals. As for the SLR residuals, a rotational component is removed by the a priori box and box-plate models but another systematic component remains in Fig. 7 (b) and (c). Nevertheless, the RMS of the clock residuals listed in Tab. 6 is reduced by a factor of about two for the solutions with box-plate model compared to the solution without a priori model. a priori model none box box-plate RMS [cm] 7.8 4.2 3.8 Table 6 GIOVE-B clock residuals after removing a 2nd order polynomial for solutions with different a priori SRP models.
Orbit Predictions
A refined orbit modeling is expected to improve the performance of orbit predictions as well. Orbit differences between the observed orbit and n-day predictions (with Table 7 GIOVE-B orbit prediction performance. 3D RMS values for orbit comparisons of the observed day w.r.t. a n-day prediction are given. n = 1, . . . , 5) are given in Table 7 . Surprisingly, there are essentially no differences between the solution without a priori model and the box-plate model. Applying no a priori model introduces a pronounced periodic pattern at the orbit frequency into the satellite trajectory as shown in Fig. 1 . The amplitude of this periodic signal changes only slowly with changing β-angle. Within the maximum prediction interval of 5 days, these changes can be neglected. As a consequence, this periodic signal is also included in the orbit predictions resulting in almost the same performance as for the orbits applying the box-plate model. In view of this self-consistency of predicted and determined orbits, the overlap comparison cannot contribute to the assessment of the SRP modeling improvement.
Summary and Conclusions
Systematic patterns in GIOVE-B satellite laser ranging and clock residuals originate from not taking into account the shape of the satellite in the widely used CODE SRP model. By modeling the spacecraft with a simple box-plate model, variations and offsets in the estimated SRP parameters could be reduced. Whereas the STD of the SLR residuals is only slightly decreased by this model, the RMS of the clock residuals improves by a factor of two. The boxplate model largely removes the once-per-revolution clock error in Fig. 1 leaving a twice per revolution clock error with roughly half the peak-to-peak amplitude, see Fig. 8 . The latter might be attributed to effects not yet considered in the orbit determination and remains subject to further studies. The plate part of the box-plate model could be identified as the major source of the one decimeter SLR bias in the solution without a priori model. Considering the shadowing effects of the plate reduces the bias to less than one centimeter. It is worth to mention that no shadowing effects of the plate would have occurred if the plate would have been mounted on the −x side of the satellite instead of the +x side as the −x side is never illuminated by the Sun due to the attitude law.
The simple box-plate model relies on coarse assumptions about the dimensions and optical properties of the spacecraft due to lack of more detailed information. A more sophisticated model could take into account:
-exact size and optical properties of the antenna panel -distinction between solar cells and golden MLI to account for the different optical properties -differences between +z and −z surface (antenna panel, LRA, front side of panel vs. launch adapter and backside of panel) -smaller structures of the satellite (e.g., Earth sensors) and related shadowing effects -thermal re-radiation. However, detailed information from the manufacturer is required to further improve the model and perhaps remove systematic effects still visible in the SLR and clock residuals.
